Abstract. PWM dimming is widely used to adjust the luminance of lighting emitting diode (LED) due to the advantage of no LED shimming. When the dimming ratio is relatively small, the LED current maybe unable to increase from zero to a desired level and thus the LED may be undersupplied with electricity. This paper proposed a new PWM dimming technique having a minimum switching cycle. The LED driver utilizing this technique comprises a boost converter having a pulse width detect circuit. The pulse width detect circuit compares the pulse width of the PWM dimming signal with a preset time, if the pulse width of the dimming signal is greater than the preset time, the boost converter is controlled by the dimming signal; if the width of the dimming signal is smaller than the pre-set time, the booster converter keeps its on-time equaling to the pre-set time, so the boost converter could transfer enough energy to the output capacitor to supply the LED. The LED driver is fabricated in SMIC with 0.35 um Bi-CMOS technology, silicon tests show that the LED driver could adapt all range of pulse width of dimming signal, even for a micro-second level pulse width.
Introduction
Along with the development of electronic devices, lighting emitting diode (LED) is widely used for its high light intensity, high energy efficiency, long life and environment-friendly characteristics [1] [2] [3] [4] . At present, there are two dimming methods applying to adjust the luminance of LED. One is silicon controlled rectifier (also called TRIAC) dimming [5] [6] [7] [8] and the other is pulse width modulation (PWM) dimming [9] [10] [11] [12] . Compared with TRIAC dimming, PWM dimming has an advantage of no LED flickering and thus is preferred by the industry [13] [14] [15] .
To solve issues originated from small dimming ratio, a new PWM dimming technique with a minimum switching cycle is proposed in this paper. The LED driver utilizing the new dimming technique could adapt all range of pulse width of dimming signal, even for a micro-second level pulse width. Figure 1 illustrates a LED driver with PWM dimmer. The LED driver comprises a boost converter as power supply, 4 LED strings as loads and 4 LED current sink amplifiers to set load current. In order to decrease power dissipation of the LED driver with PWM dimmer, PWM dimming signal is used to enable both the LED sink amplifier and the boost converter. Therefore during the off-time of the LED strings, the boost converter is also shut off by the PWM dimming signal.
Issues in PWM dimming
The boost converter comprises a primary power switch, an output inductor, an output capacitor and a rectifier. It receives an input voltage VIN, and converts it into an output voltage VOUT for supplying the 4 LED strings. The boost converter comprises a minimum LED current select circuit for selecting the minimum voltage on cathodes of the 4 LEDs strings as a minimum feedback voltage (MFB)and providing it on an output terminal; an error amplifier (EA) for amplifying the difference between the MFB and a reference voltage VREF and generating an output voltage (COMP) accordingly; a current sense amplifier for sensing the current flowing through the primary power switch and generating a current sensing signal accordingly; an oscillator for providing a clock signal and a slope compensation signal; an PWM comparator for comparing the output voltage of the error amplifier with the current sensing signal, and a control circuit for generating a driving signal to control the ON and OFF of the primary switch. The primary power switch is turned on when the rising edge of the clock signal is coming and is turned off when the current sensing signal reaches COMP. A LED driver with PWM dimming Referring to figure 2(a) for dimming operation, at an initial state, when PWM dimming signal rises from logic low to logic high, the LED sink amplifier is enabled, and the boost converter begins to work, and the 4 LED strings are lightened. When PWM dimming signal falls from logic high to logic low, the LED sink amplifier is disabled and the 4 LED strings are shut down. To decrease the power dissipation and improve efficiency, the control circuit is also disabled when the PWM dimming signal is at logic low level.
However, when certain applications require for a wide range of dimming ratio, the dimming ratio (also called duty cycle) of the PWM dimming signal may be very small, and during one dimming cycle, the inductor current is even unable to increase from zero to a desired level. Thus the power supplied to the LED loads is not enough. If this situation maintains for a period, the output voltage of the converter will decrease and make the LED load function abnormally. As shown if figure 2(b), when the pulse width of the PWM dimming signal is around 10us, the peak LED current could just reach 20mA while the rated LED current is about 300mA, and the output voltage of the boost converter continues decreasing.
Proposed Dimming Technique
To solve above issues of small dimming ratio, a new PWM dimming technique having a minimum switching cycle is proposed in this paper. Figure 3 illustrates a LED driver with proposed PWM dimming techniques. Compared with the LED driver shown in Figure 1 , a pulse width detect circuit is integrated into the boost converter. The pulse width detect circuit is configured to compare the pulse width of the PWM dimming signal with a preset time and provide a dimming control signal (DCS) at an output terminal. If the pulse width of the dimming signal is greater than the pre-set time, the DCS is an exactly copy of the PWM dimming signal, and the proposed LED driver operate similarly as the LED driver shown in Figure 1 . If the pulse width of the dimming signal is smaller than the pre-set time, the pulse width of the DCS is equal to the pre-set time. Since the boost converter is still keeps on at least for the pre-set time in each cycle, it could transfer enough energy to the output capacitor for supplying the LED. In this paper, the pre-set time is 4 times of the switching clock cycle of the boost converter. Figure 3 , the PWM dimming signal is compared with the clock signal generated by the oscillator. If the pulse width of the PWM dimming signal is greater than 4 times of the switching cycle, the width detect circuit provide the PWM dimming signal as its output directly. The DCS is exactly the copy of the PWM dimming signal, as shown in Figure 4 (a). The proposed LED driver operate similarly as the LED driver shown in Figure 1 , that is, when the PWM dimming signal is in logic high status, the boost converter and the LED sink amplifiers are turned on and the LED strings are lightened, and when the PWN dimming signal is in logic low status, the boost converter and the LED sink amplifiers are turned off, and there is no current flowing through LED strings. . . . . Figure. 3. Proposed LED driver with minimum switching cycles If the pulse width of the PWM dimming signal is smaller than 4 times of the switching cycle, the pulse width of DCS is maintained at 4 times of the switching cycle, as shown in Figure 4(b) . In the first time when the PWM dimming signal is in high status, the boost and the LED sink amplifiers are turned on and the LED strings are lightened. When the PWM dimming signal falls from logic high to logic low, the switch S1 is turned off and the COMP is sustained due to the capacitor C1. LED sink amplifiers are disabled but the boost converter continues operating since the DCS is still at logic high, that is, the primary power switch keeps being turned on at the rising edge of the CLK signal and turned off when the current sensing signal reaches the constant COMP. The boost converter keeps operating until DCS falls to logic low. 
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Test results
The proposed LED driver described above has been fabricated in SMIC with 0.35 um Bi-CMOS technology. Its layout and die micrograph are shown in Figure. 5. The die size is about 2100umx1900um. The newly integrated pulse width detect circuit occupancies for only sever hundred square microns which could be neglected compared with the die size. Figure 6 shows operation waveforms with different dimming ratio. In Figure 7 (a), the frequency of the PWM dimming signals is 2 KHz and the duty cycle is 50%. The waveforms of the proposed LED driver shown in Fig. 7 (a) are similar with traditional LED drivers'. For those tests with small dimming ratio, the frequency of the PWM dimming signal is 2KHz, but the pulse width is just about 2us which is smaller than the switching cycle 2.5us. As shown in Figure 7 (b), the booster converter continues operating even the PWM dimming signal falls to logic low. Compared with Figure 2(b) , the LED current shown in Figure 7 (b) could reach the rated value and the VOUT are constant. 
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Conclusion
Based on analysis results to the root cause of dimming issues under small dimming ratio in traditional LED dimming techniques, this paper proposes a dimming technique having a minimum switching cycle. Silicon tests show that the proposed dimming technique has no negative effect to LED driver in normal dimming ratio and could provide sufficient energy to LED devices under small dimming ratio, even for a micro-second level pulse width. Both the layout occupation and the energy consummation of this technique are relatively small. Accordingly, this technique could be widely used in LED lighting systems.
